Abstract-A three-level (TL) bidirectional dc/dc converter is a suitable choice for power electronic systems with a high-voltage dc link, as the voltage stress on the switches is half and inductor current ripple frequency is twice the converter's switching frequency. This study proposes a zero-voltage transition (ZVT) TL dc/dc converter to enable operation with higher switching frequency in order to achieve higher power density and enhance efficiency. Two identical ZVT cells, each one composed of two resonant inductors, a capacitor, and an auxiliary switch, are integrated with the conventional TL topology to enable soft switching in all four switches in both buck and boost operation modes. In addition, a variable dead-time control is proposed to increase the effective duty ratio at heavy loads. The proposed soft-switching feature has been demonstrated under different loading conditions. A 650-W prototype is designed and fabricated, which exhibits 95.5% at full load.
I
N bidirectional nonisolated buck/boost dc/dc converter applications, a two-quadrant nonisolated buck/boost converter has been preferred in many studies due to its simple two-switch structure, low cost, and high efficiency [1] - [6] . However, in high-voltage (400-600 V) and medium-to high-power applications such as the dc/dc bidirectional converter in electric vehicles, the two-switch structure exhibits several shortcomings: 1) low efficiency at light load due to high-power losses associated with the parasitic capacitances of the switches; 2) utilization of insulated-gate bipolar transistors (IGBTs) instead of metal-oxide-semiconductor field-effect transistors (MOSFETs) in high-voltage applications, whereas the switching frequency of the converter is limited by the IGBT's maximum switching frequency under hard switching. As a result, the passive components such as the inductors and capacitors render a large volume. To increase the input current ripple frequency, interleaved structures are studied [7] - [9] . Interleaving reduces the size of the passive components but still requires high-voltage rating switches. In order to equally distribute the voltage stress among the switches and to use MOSFETs at high voltages while still increasing the inductor current ripple frequency to twice the switching frequency, a three-level (TL) output voltage buck/boost dc/dc converter has been proposed and suggested for use in high-voltage applications [10] .
To increase power density through higher switching frequencies without sacrificing converter efficiency, soft-switching techniques are employed [11] - [13] . A common way to achieve soft switching is to use interleaving circuits where the stored energy in the interleaving inductor is used to discharge the parasitic capacitances of the switches [14] - [17] . Similarly, an auxiliary inductor can be coupled to the main inductor to reduce the cost of the circuit [18] - [22] .
Another method to effectively achieve soft switching is through employing an auxiliary switch to store the switching energy in the auxiliary capacitor, which is then used to softswitch the main switch either during turn-on or turn-off instants. Soft-switching cells, consisting of an auxiliary switch, a resonant inductor, and a capacitor, are common [23] - [26] . In [23] , the soft-switching cell is used to turn off the switch under zero current and turn on the auxiliary switch under near-zero current. Another ZCS was introduced in [24] for the boost converter, which is then generalized for other converter types such as buck, buck/boost, SEPIC, and Cuk. In [25] , unified analysis for these soft-switching cells was explored. In [26] , a similar soft-switching cell used in this paper has been proposed for bidirectional nonisolated buck/boost dc/dc converter. However, no soft-switched nonisolated TL converter has been explored in the literature.
Reducing the switching losses is critical to achieve higher efficiency. In this regard, this paper proposes a zero-voltage transition (ZVT) TL bidirectional dc/dc converter for a wide load range, as illustrated in Fig. 1 . Two identical soft-switching cells are deployed for each pair of switches, ensuring that all four switches are turned on under zero voltage in both boost and buck modes. Thus, the proposed ZVT TL converter can be operated at higher switching frequencies, the input current ripple frequency can be doubled, and the size of the inductor can be significantly reduced.
The common issue with the soft-switching converters is the limited soft-switching operation range due to the output current dependence of the soft-switching operation. When the ZVT cell designed for a light-load condition operates under heavy load, the effective on-time of the switches becomes less than the reference. To partially compensate this negative effect on the duty ratio of the main switch, the auxiliary switch is controlled through adjusting the dead time with respect to peak inductor current. The improvement on the effective duty ratio using the proposed variable dead-time control is analyzed and compared with the conventional fixed dead-time approach within the content of this paper. Although the improvement on the duty ratio is analyzed in this paper, the proposed technique is a possible solution for secondary control objectives, such as capacitor voltage balancing.
II. PROPOSED BIDIRECTIONAL ZVT TL DC/DC CONVERTER
The proposed converter achieves ZVT for all the switches during turn-on instants in all operation modes. The ZVT cell contains two resonant inductors, one resonant capacitor, and an auxiliary switch to eliminate the turn-on losses of switches by creating a resonance between the inductor and the capacitor. The energy stored in the auxiliary inductor during normal operation is transferred to the capacitor when the main switch is turned off. This energy is then recycled through the body diode of the main switch before it is turned on. An identical ZVT cell   TABLE I  SUMMARY OF THE ZVT OPERATION is placed between switches S 3 and S 4 to soft-switch the bottom two switches. The basic operation principle of the ZVT cell is identical in each transition mode for both boost and buck operations. Table I summarizes the ZVT cell operation depending on the buck and boost modes, used resonant inductor, auxiliary switch, and soft-switched MOSFET.
The equivalent circuits and operation waveforms are given in Figs. 2 and 3, respectively. Here, the operation principle will be given for the turning-on instant of S 2 in boost mode when d > 0.5. It should be noted that L r3 is not involved during this switching-state transition and can be assumed as an additional contributing inductance to L in . For the sake of symmetrical operation, the resonant inductors are chosen equal,
Operation Interval 1 [t < t 0 ]: Before t 0 , both S 2 and S 3 are on, L in stores energy, and the converter operates in boost operation mode of the TL converter. In this mode, i Lr1 (t0) = 0. If the on-time of the auxiliary switch is equal to the quarter of the resonance period, the resonant capacitor voltage becomes zero at t 0 , (v Cr1 (t 0 ) = 0). This will be explained in latter sections. The current of L r2 is equal to
This time interval is determined by the effective on-time duty ratio of
The sum of the voltages of the inductors v L1 + v L2 is equal to v cr1 . During this short time interval, the parasitic capacitance of the upper switch, i.e., C 1 , discharges over the output capacitor and transfers its energy while C 2 is charged as
The initial conditions can be noted as
The natural frequency of the resonant tank is expressed as
Operation Interval 3 [t 1 ≤ t < t 2 ]: C 1 is completely discharged at the end of operation interval 2, as current begins 
commutating from L r2 to L r1 , and D 1 conducts. C 2 continues to get charged. This interval occurs very quickly as C 1 is typically on the order of several hundreds of picofarads and is not included in the calculations for simplicity. The energy stored in L r2 is transferred to resonant capacitor C r1 through D a1 . For this interval, the resonant inductor currents can be expressed as
The resonant capacitor voltage can be written as
At t = t 2 , i Lr2 becomes zero as it transfers all its energy to the resonant capacitor
From this final state condition, t 02 can be found as
Operation Interval 4 [t 2 ≤ t < t 3 ]: At t = t 2 , the resonant inductor current i Lr1 is the same as i Lr2 (t0). The resonant capacitor voltage can be found from the energy transfer between v cr1 and i Lr2 as The energy stored in v cr1 will be used to achieve soft switching in the latter stage. In this time interval, the resonant inductor current i Lr1 can be written as
Operation Interval 5 [t 3 ≤ t < t 4 ]: Before S 2 is turned on, the auxiliary switch, i.e., S a1 , is turned on to transfer the energy stored in the capacitor to the resonant inductor, i.e., i Lr2 . S a1 is turned on under zero current; thus, there is no switching turn-on loss for the auxiliary switches. v Lr2 is half the v Cr1 , and i Lr2 sinusoidally increases. C 2 is first quickly charged to v Cr1 + V o /2 and then discharged as v Cr1 decreases. At t = t 3 , the initial conditions are as follows:
. In this interval, the resonant inductor currents and capacitor voltage are
At the end of this mode,
When the energy stored in the resonant capacitor is completely transferred via S a1 , C 2 quickly discharges to zero. This time interval can be expressed as
At t = t 5 , the current of D 1 increases to approximately twice the load current.
When v S2 reaches to −0.7 V, the body diode of S 2 conducts. This time period is the ZVT period. S 2 can be turned on at any time during this interval. At t = t 5 , the initial conditions are
where v Lr2 is equal to V o /4, and i Lr2 linearly decreases, i.e.,
Operation Interval 8 [t 6 ≤ t < t 7 ]: This interval starts after the main switch S 2 is turned on. At t = t 6 , the main switch S 2 is turned on while its body diode is conducting. The ZVT can be achieved at this instant. With the assumption of negligible t 45 in comparison to t 56 , t 46 ∼ = t 56 , the ZVT time interval can be expressed as
First, the current of the body diode of S 2 reaches to zero. In this time interval, S 2 begins to conduct, and input current commutes from
The resonant inductor currents for this interval can be expressed as
At t = t 7 , the input current commutation from L r1 to L r2 is completed, and i Lr1 becomes zero. This time interval can be expressed as
III. DESIGN CONSIDERATIONS FOR ZVT FEATURE
The time between the turning-off action of S a1 and the turning-on action of the main switch S 2 , which is denoted by t 46 , should be as short as possible to achieve ZVT with the smallest amount of energy stored in the resonance tank. This would minimize the size of the resonant tank elements and allows achieving higher efficiency as the circulating current in the resonant tank would be less. To achieve ZVT, the auxiliary switch should be turned on at least t 36 before the main switch is turned on. It should be highlighted that t 34 is the time duration in which the stored energy in the auxiliary capacitor is transferred to the auxiliary inductor, and t 45 is the time required to discharge the parasitic capacitance of the switch. For the ideal case, the minimum required time is t 35 . t 56 is the time duration added to guarantee the soft switching of the main switch taking the mismatch between the actual and datasheet values of the switch. Considering this added time margin, the auxiliary switch should be turned on at least t 36 before the main switch is turned on. Once t 46 is determined, L r can be calculated accordingly.
A. Constant Power Loads
The minimum value of L r can be determined for constant power loads with predefined P o , V o , V in , and L in and steadystate duty ratio (D). For simplicity in calculations, it is assumed that i Lr2 does not vary during t 45 , and |i Lr2 (t5)| = |i Lr2 (t 0 )|, which yields
In order to have zero voltage across C r1 from t = t 4 to t = t 0 , the reverse resonance time, i.e., t 34 , should be equal to one fourth of the natural resonance period, i.e., t 02 , which is initiated by turning on S a1 . If t 34 is forced to be shorter than t 02 , v Cr1 (t 0 ) would be higher than zero. C r1 can be calculated from (5) and (10), by equalizing t 34 and t 02 time periods, as
Since two quarter resonance periods take place during the offtime of the switch, their sum should be shorter than (1 − D)T s , where T s represents the switching period
As the quarter resonance period t 02 increases, the required capacitance also increases while the voltage stress on S 2 reduces. The additional voltage stress across S 2 is equal to that of v cr1 (t 2 ) and can be expressed as
B. Variable Power Loads
From (27), it can be observed that the ZVT feature is dependent on the load current as it determines the stored energy in the resonant inductor. Therefore, for wide-load-range applications, the minimum input current at which the ZVT feature is desired should be determined for the given application, i.e.,
where t dt denotes the selected dead time, and t m is the time margin, representing the time from turn-on instant of the main switch until i Lr2 becomes zero, and should be included in the calculations ensuring that the switch is switched under zero voltage. Minimum L r for variable power loads can be determined as
In case the auxiliary switch is turned off t dt seconds before the main switch is turned on, D 1 would conduct for the time duration of t ZV T . The selected L r should be sufficiently large to achieve soft switching for S 2 at minimum load current. However, the selected L r would cause losing effective on-time of the switch as the load gets heavier. This issue is illustrated in Fig. 4(a) . Here, it is assumed that the load current is larger than I _min , and L r is found using (27) for the ideal case, assuming t dt = 0. As shown in the figure, the reduction in the duty ratio, which is denoted by D L , increases under heavy load. The reduction in the duty cycle should be compensated similar to dead-time compensation applied in three-phase inverters [27] . To reduce this effect, the phase of the gating signal of the auxiliary switch should be varied such that the main switch is turned on right before the current of the main-switch body diode reaches zero.
In this regard, a variable dead-time control is proposed in this paper, as shown in Fig. 4(b) . The gating signals for the auxiliary switches are practically achieved by right-aligned pulsewidth modulation (PWM) signal with inserted fixed dead time. At heavy loads, instead of turning off the auxiliary switch with fixed t dt seconds, before the main switch is turned on, the discharging of the resonant capacitor can be initiated earlier by adjusting the dead time between the main and auxiliary switch signals. Hence, the resonant inductor current crosses zero t m seconds after the main switch is turned on. At the ideal case, i.e., t m = 0, this could reduce D L to D L /2, as illustrated in Fig. 4(b) .
It is important to note that the proposed variable dead-time approach can be used for achieving supplementary control objectives such as dc-link capacitor voltage balancing. The variable dead time has not been considered in any soft-switching literature because it may not be necessary in two-level converters. One of the difficulties in TL converters is the unbalanced dc-link capacitor voltages, which may occur due to the unsymmetrical circuit layout, differences in the equivalent series capacitance of capacitors, delays in the gate driver circuit, etc. The unbalanced voltage problem could be solved by controlling the duty cycles of the main switches independently, letting capacitors charge/discharge more or less with respect to the other dc-link capacitors. However, the common approach is to use the same PWM duty-cycle generator for both of the switches due to its simple control and, more importantly, for stable operation. In this regard, developed secondary variable deadtime control can be adopted to balance the dc-link capacitors as well as contribute to the duty-cycle compensation, correcting the unbalanced ZVT current injection due to unsymmetrical ZVT circuit parameters and so on. However, in this paper, only partial duty-cycle compensation has been studied, and capacitor voltage balancing is out of the scope of this paper.
C. Example Application
This section provides a ZVT cell design procedure for a variable power load. The example design specifications are provided in Table II . The converter operates in CCM at fullload range.
The first design parameter to be determined is t ZV T . As previously discussed, t 45 is relatively short, on the order of several nanoseconds. The variation of t 45 at minimum load current according to L r is plotted in Fig. 5(a) for maximum and minimum output voltages. As the output voltage increases, more energy is stored in the parasitic capacitances of the switches, which extends the discharge time to 5 ns. At P o = 250 W, the dead time, i.e., t dt , is chosen as 30 ns. This would be 5 ns for an ideal case; however, it is reasonable to insert a dead time to ensure that soft switching will be robust to the mismatch of the actual and datasheet values as well as to compensate the previous simplifications. Since the switching period is 5 μs and considering the turn-on and turn-off time of MOSFETs, t m is chosen as 20 ns to ensure that the auxiliary switch turns off 30 ns before the main switch is turned on. This way, the resonant current will become zero after t m + t dt = 50 ns. The ZVT time period corresponds to 1% of the switching period. The reduction in the duty cycle, i.e., t 67 /DT s , can be expressed as
To find L r , the worst condition should be considered; that is, P o = P o,min , and Fig. 5(b) . The dead-time curve used to accomplish D L reduction is given in Fig. 5(c) .
The acquired data are summarized in Table III . It can be seen that D L is reduced from 11.6% to 7.4% for low output voltage and heavy-load conditions. If t m is chosen smaller at the initial step, D L can be reduced even further, to half the D L value with fixed dead time at the ideal case, when t m = 0. However, further duty-cycle compensation is still required.
Once t dt and L r are determined, C r can be determined from (28) and (29). As mentioned before, the pulsewidth of S a1 should be equal to t 02 to have zero voltage across v cr at t = t 0 . When a dead time is inserted, (29) should be modified to incorporate t dt . Thus,
The highest t dt is achieved when output power is maximum and output voltage is lowest. However, for this case,
max condition is smaller; hence, t 02 should be determined based on maximum output voltage. This determines the upper bound for choosing t 02 , which is calculated as 1.14 μs. The variation of the capacitance value and voltage stress of the resonant capacitor for various t 02 values from 0.1 to 1.14 μs is given for the heaviest load condition in Fig. 6 . Here, C r can be determined based on the tradeoff between the capacitance value and the voltage stress. In addition, there should be sufficient margin for duty-cycle compensation. Once t 02 is determined, the duty ratio of S a1 can be found by dividing t 02 by T s . 
IV. SIMULATION AND EXPERIMENTAL RESULTS
Here, simulation and experimental results are provided to verify the operation of the converter. The switching frequency of the main and auxiliary switches is 200 kHz, where the frequency of the inductor and output capacitor current ripples is 400 kHz. The resonant inductors, i.e., L r , are 1 μH, and the resonant capacitors, i.e., C r , are 100 nF each. Only boost operation mode is presented here, as buck operation is similar to boost operation.
The simulation waveforms for d = 0.53 and d = 0.4 using ideal switches are given in Fig. 7(a) and (b) , respectively. In boost operation, only S 2 and S 3 are switched while body diodes of S 1 and S 4 conduct. The additional voltage stress on the main switches can be clearly observed. The duty ratio of the auxiliary switch calculated from the analysis match with one fourth of the resonant period, such that the resonant capacitor voltage is almost zero. The simulation waveforms agree with the theoretical analysis.
The simulation waveforms for boost operation utilizing nonideal switches when d = 0.4 are presented in Fig. 7(c) . In the figures, it can be clearly seen that C oss of the switches, particularly that of the auxiliary switches, causes to form a resonant tank between L r − L r − C r − C oss . Without including the internal resistances, this oscillation keeps circulating back and forth. As seen from the input inductor voltage, this oscillation causes inductor current to have a small oscillating current in addition to the linearly increasing current.
A 650-W proof-of-concept prototype, shown in Fig. 8 , is designed to serve as a proof-of-concept and to show ZVT operation of the circuit. The circuit parameters are the same as those of the simulation. The current ratings of the switches are chosen based on the root mean square (rms) value. As the ZVT circuit does not impose additional current stress on the main switches, the main-switch rms current can be found as in a traditional TL converter [10] . The voltage rating of the main switches is the sum of half the output voltage and the resonant capacitor voltage, which was given in (30). It can be expressed as
On the other hand, the current rating of the auxiliary switch is equal to
The component parameters used in the experiments are given in Table IV . Fig. 9 presents the input inductor current waveform and gate-source voltages of S 2 and S 3 . This figure illustrates the boost mode operation of the TL converter, where the current ripple frequency is twice the switching frequency.
The ZVT operation of the converter has been presented in the experimental results provided in Figs. 10 and 11. Fig. 10 presents the ZVT operation during boost mode of operation for d < 0.5 under low current. The peak value of I S2 is approximately 2.2 A. As depicted before, the auxiliary switch is turned on before the main switch is turned on to conduct the body diode of the main switch. The ZVT can be clearly observed in Fig. 10(b) . In Fig. 10(c) , auxiliary current and voltage waveforms are presented, from which ZCS operation can be clearly seen. The experimental waveforms agree with the simulation results presented in Fig. 7(c) . Different than simulation, the oscillations are damped due to the internal resistances of the components in the experiments. Likewise, ZVT operation for boost mode for d < 0.5 under higher current (peak switch current of 4 A) profile is given in Fig. 11 .
It should be noted that the proposed ZVT cell causes some undesirable oscillations on the drain-source voltage as well as the current of the main switches. These oscillations are due to the output parasitic capacitance of the auxiliary switches, i.e., C oss . In the experiments, a low C oss switch with rated C oss of 140 pF at V ds = 200 V is utilized to minimize the oscillation amplitude and increase the resonance frequency. However, these oscillations are inevitable as there is L r − L r − C r − C oss resonant network. Meanwhile, half the output voltage is equal to the sum of V s1 , V s2 , V cr1 , and V sa1 . Therefore, any oscillation within the resonant network affects the switch voltage and current waveforms. Nevertheless, this energy keeps oscillating back and forth until it is damped by the internal resistances of the resonant tank components.
The equivalent capacitance involved in the oscillations is equal to (C * r C oss )/(C r + C oss ), which makes it close to the value of C oss . The energy stored in C oss starts to resonate. Considering its capacitance, the stored energy is very small. The voltage of C r , which can be observed from the additional voltage stress on the main switches, remains almost the same between charging and discharging instants of C r , which also shows that energy is conserved and not wasted. This can also be observed from the auxiliary switch current given in Figs. 10(c) and 11(c), which is the same as the resonant capacitor current. The peak values of the resonant capacitor current are the same for charging and discharging instants. This also verifies that this oscillation does not cause significant power loss. Consequently, it can be concluded that this oscillation 1) does not create any additional voltage stress on the components, 2) causes very small current stress on the inductors and switches, and 3) results in very small circulating energy, most of which is not wasted. In addition, the very high frequency oscillation observed on the gate signals is due to the high parasitic capacitance of the differential probe. Since the grounds of the probes should be isolated, a regular and a differential voltage probe are used for sensing gates of the signals. To prove this claim, the regular and differential probes have been connected to the gatesource terminal of S 2 (purple waveform) and S a1 (green waveform) in Fig. 10(b) , respectively. As it can be seen, the very high frequency oscillations are only on the S a1 gate signal. In Fig. 10(c) , these two probes are replaced. This time, the oscillations are observed on the S 2 gate signal. Thus, the high- frequency oscillations on the gate signals are completely due to the differential probe parasitics.
The efficiency curves for two different output voltage levels, along with hard-switched converter efficiency, are presented in Fig. 12 . It can be seen that the designed prototype exhibits 95.5% at full load, whereas the peak efficiency of the hard-switched converter is 91%. Considering the typical efficiencies of industrial nonisolated bidirectional dc/dc converters, which are between 90% and 95%, the proposed ZVT converter provides competitive efficiency to its counterparts. In addition, it should be noted that the proposed ZVT converter inherently reduces the required input boost inductance and output filter capacitance by half due to the TL structure, in comparison to the state-of-the-art converters. Moreover, it allows using lowvoltage rated switch.
V. CONCLUSION
In this paper, a ZVT bidirectional TL dc/dc converter, employing two identical ZVT cells to fully soft-switch all four switches in bidirectional power flow during turning-on instants of the main switches, has been introduced. The design procedures of the ZVT cell components were provided. Furthermore, an actively controlled variable dead-time approach has been introduced to minimize the reduction in the duty ratio due to the soft-switching period, during the converter's operation under heavy loads. A 650-W prototype has been designed to demonstrate the operation of the converter. The peak efficiency at 200-kHz switching frequency is recorded as 95.5%.
